INTRODUCTION
SCRAPIE is a chronic, wasting disease of sheep known in Britain and Western Europe since 1772 (Comber, 1772) and probably since 1720 (see McGowan, 1914) . It is always fatal and has from time to time been responsible for the elimination of the sheep population of a district. It has recently been recognised in North America and the Antipodes.
The cause of scrapie has been for long a matter of dispute. In the eighteenth and early nineteenth centuries many writers considered scrapie to be hereditary, but during the past half century the view that it was a naturally infectious disease has gained ground, supported since 1936 by studies of experimental transmission by inoculation.
Precise knowledge of the natural disease has been difficult to assemble. The sheep-owners are reticent, clinical manifestations vary considerably, no simple laboratory tests are known and the pathologic lesions, often inconspicuous, have been considered non-specific. However, recent work (Beck, Daniel and Parry, 1961) has shown that there are specific degenerative changes in the brain in the hypothalamic-hypophyseal system and in the olivo-ponto-cerebellar system. Data have been collected relating to 1200 cases of which over iooo have detailed individual records. They provide evidence of 3 kinds; first, that the prime cause of scrapie is heredity and that only individuals of the homozygous recessive type (ss as opposed to sS and SS) manifest the disease; second, that affected animals harbour a substance, the transmissible scrapie agent, which is infectious artificially, and third, that scrapie is not naturally infectious (Parry, 960) .
CRITERIA OF THE DISEASE (I) Clinical signs
The various clinical forms of scrapie have been discussed by Bosanquet, Daniel and Parry (1956) and Parry (1957) ; only cases of their Group A syndromes, which comprise more than 95 per cent. of all cases, have been accepted.
In these syndromes rubbing of the buttocks, flanks and head is conspicuous and may be almost continuous in some advanced cases; 75 76 H. B. PARRY in others nibbling of the haired skin of the lower legs is marked, while nearly all animals exhibit a pronounced nibbling reflex on deep palpation of the soft tissues of the back. In many an acneform papular rash appears on the haired portions of the skin, notably of the lower legs and nose, and hmatomata of the ears are common.
Nearly all cases show early fatigue with moderate exercise and in some this asthenia progresses rapidly to general weakness with inability to rise. Progressive loss of bodily condition leading to emaciation, in spite of a food intake adequate to maintain body weight, is conspicuous in the majority of cases; a few increase in weight and die obese. Excessive thirst is not infrequent.
Many show disturbances of gait, notably of the hindlimbs, which are wide-based, and a high stepping movement of the forelimbs may occur (" Traberkrankeit " of German writers); if the ataxia is severe, the animals reel like a drunken human. In some cases there is in addition a disturbance of postural fixation leading to a coarse tremor or trembling (" Tremblante " ofFrench writers), which is accentuated by excitement. The body-righting reflexes are unaffected until an advanced stage. Tendon reflexes are normal or even exaggerated, and the normal response to pin-prick is very rarely absent.
Mental disorder leading to behavioural and personality changes and even dementia occurs frequently. Many become uncooperative and refuse to be driven; some become fearless of humans and dogs while others become very excitable and are extremely distressed by any handling or change in their daily routine. Not infrequently a minor behavioural abnormality may be the first sign noted. Blindness occurs in some 5 per cent. of cases.
Body temperature and heart rate show unusual fluctuations although within normal limits, but the cardiovascular system is generally unstable. Advanced cases are particularly susceptible to cold and wet.
The disease is almost always slowly progressive with death in 6 weeks to 6 months, rarely a year. Very occasionally complete remission of signs occurs. Three such cases, two rams and a ewe have been seen, but they have all died of scrapie, the longest intermission being 3 years from the age of 2.
In flocks with a high presumptive frequency of the scrapie gene, unusual syndromes of palsy, wasting and myasthenia of uncertain tiology occur alongside cases generally accepted as scrapie, with which they appear to be closely associated.
At autopsy few macroscopic abnormalities are present. Conspicuous myopathic lesions seen in the early cases of the series have been absent in many recent cases, although a high proportion of animals show some abnormality of the skeletal musculature. The adrenal glands are usually enlarged and the thyroid glands small.
The central nervous system shows the specific changes noted above (Beck, Daniel and Parry, 1961) . SCRAPIE DISEASE OF SHEEP 77 (ii) Diagnosis The diagnosis has been based on the following criteria: (i) unequivocal clinical signs; (2) a fatal outcome in all animals retained under observation; () some lesions in the skeletal muscles and changes in the endocrine glanch; () cytoplasmic vacuolation and neuronal degeneration in the nervous system; (5) the demonstration of a transmissible agent in the brain.
It has not been practicable to apply all these criteria except in a few cases. Of the 1200 animals affected, 500 have been seen by the author, while in the remainder, the diagnosis has been based on the clinical observation of others with experience of the disease. Some errors of diagnosis will have occurred, but their number is probably small, since all cases have been discussed with the observer within 1-2 months, occasionally up to 6 months, of the illness occurring, and any case in which the evidence was unconvincing has been excluded. The first cases in any flock and doubtful cases have been examined personally. All the cases examined fully have conformed to the above criteria.
SOURCE OF MATERIAL
The principal data have been collected over the years 1952-60 from a group of some 50 recorded pedigree sheep flocks of io breeds, with over 8500 breeding females in i 960; more than 20,000 animals have been under observation during the period. The flocks are dispersed in 17 counties of England and Scotland on varied soil types; they have a very high standard of shepherding, and are members of a Stud Sheep Health and Improvement Scheme, known as the Oxford Scheme (Parry, 1957) .
Additional data have been obtained from other commercial flocks in which individual animals are not recorded. The Oxford Scheme flocks are visited at least twice a year, and their records are supervised closely. In these flocks individual animals are identificd by one and usually two independent methods of permanent identification in addition to temporary fleece numbers and marks ; records are kept of individual matings, births, itiarkings and all cases of ill health, death and disposal. These records cover all the stud rams and breeding females, but only a small proportion of their progeny, namely the females retained in the flock ; these represent usually 20-25 per cent. of the females born, and are selected when i years old, partly on inspection for the main breed points and partly on the performance records of their relatives. The males and surplus young females are sold before they are 2 years old and only occasionally is it possible to follow their subsequent history. Older females may be removed from the flock at any time if they fail to perform satisfactorily or suffer some acquired disablement, although good breeding animals are kept until they have had 5 or more gestations and are 7-10 years old.
These flocks normally breed all their own females but purchase stud rams from other flocks in the Oxford Scheme. The rams are selected mostly when 6-8 months old for good growth and muscular development with satisfactory wool and breed conformation. They are firSt used as sires when about 8 months old and kept for 2 or 3 years, occasionally until 6 or 7 years old, mating 10-40 females each year. As these flocks comprise the principal ram-producing flocks of their breeds, the stud rams tend to have a number of common ancestors, which have been outstandingly successful sires in their breeds ; thus many rams will have at least one greatgrandparent in common. There is therefore tendency to a concentration of certain lines in each breed, and for a high degree of consanguinity to be prevalent. Each flock-group is virtually a closed breeding population, a matrilinear breeding group, with a relatively high index of inbreeding and extreme polygamy.
These flocks are free from the common infectious diseases, except contagious pustular dermatitis. Stillbirths and other neonatal mortalities are unexceptional and severe congenital anomalies rare, being less than 5 per zo,ooo lambs born. There have been no reasons to suspect fretal death early in gestation other than on odd occasions. The general health record of these flocks is high ; the annual loss of breeding ewes from all causes other than scrapie is less than 5 per cent. ; the percentage of ewes pregnant more than 95 and only sporadic abortions not associated with infections have been observed. The average litter size is z6-i8 and the reared lamb ratio i .i . lambs per ewe put to service.
For many years some flockmasters have endeavoured to dispose of (i.e. cull) any near relatives of sheep showing signs of scrapie or suspected of being affected. Since 1952 the majority of full and half brothers and sisters, daughters, sons, mothers and fathers of affected animals have been culled but no attempt has been made to quarantine affected sheep ; they have remained in the main flock until it was Convenient to dispose of them.
This general information relating to groups of the principal flocks of the breeds has been supplemented by a more detailed study of several flocks with good records, especially flock A, for which exceptional records are available for over 20 years. This flock has been self-contained for females since 1940. There has been one shepherd who has kept a notebook for each lambing season in which the tupping groups and other details were noted. As each ewe lambed, the date, her health, milk flow and particulars of parturition were noted, together with the number, sex and condition of the lambs, their sire, and a diagram of the ear marks inserted. These notebooks are available from 1939. From 1940 onwards a standard method of marking all sheep by a system of numbering by ear-notching carried out in the lambing coops within 2-3 days of birth, followed before they were z8 months old by tattooing a year letter with the ear notch number into one ear and the breed emblem and registered number of the flock into the other ear. Latterly each breeding ewe has had a fleece number branded on her side, so that she may be readily identified without the necessity of examining the ear marks closely. From these notebooks it has been possible to compile a comprehensive record of the flock with exceptionally few discrepancies, for when a mating has been in doubt this has been recorded. The shepherd had kept a list of all cases of scrapie since the first one was noted in i while since 1952 nearly every case had been examined clinically by the author and has been kept in hospital under observation; and latterly, all have been examined at autopsy. Similar records are available for flock B, but not all the early cases of scrapie were recorded.
As public knowledge of the occurrence of scrapie in a flock may have serious financial and social consequences for both flockrriaster and shepherd, the data to be presented are given in a form which is designed to obscure their precise origin.
INCIDENCE (I) Terminology
The birth-group comprises all animals born into a flock in one breeding season, usually of 12 months; in sheep breeding twice a year the period is 6 months.
The age-group includes all animals of a given age, normally covering one year, and commencing when an animal is 6 months old, e.g. an SCRAPIE DISEASE OF SHEEP animal between 6 and i8 months of age is in the one-year-old agegroup.
The attack-rate is the number of manifest cases of scrapie per ioo breeding ewes occurring in a breeding year. The incidence, expressed as a similar percentage, is a less precise term used to describe the approximate manifestationover a period of years.
A flock or flock-group is considered to be free if over 5 years or more no manifest case has been observed in the home sheep and no case in sold sheep has come to notice. If affected, a sporadic incidence is <i per cent., a low incidence 1-3 per cent., a medium incidence 4-10 per cent., a high incidence io per cent. and above.
(ii) General Four flock-groups, 3 pure-bred and i cross-bred, have adequate and supervised records for years or longer; one of these groups is free of scrapie; 2 of the affected flock-groups have a low to medium incidence, while in the third it is sporadic. Five other flock-groups with good records, but not yet supervised for years, are probably free. Thus the incidence varies very much between different flockgroups, although direct and indirect contact between animals from affected and unaffected flock-groups occurs frequently at agricultural shows and on certain farms. It occurs in pure-bred and cross-bred sheep, of long-and short-wooled breeds, on mountain and lowland.
(iii) By flocks and flock-groups Of 12 free flocks, 9 have used many rams from flocks with affected animals during the period of the rams' breeding and rearing, while in 2 flocks stud rams have manifested scrapie at or shortly after the mating period without any further case developing in 3 and years respectively. In 9 flocks an occasional case has occurred giving a sporadic incidence, often with periods of several years without a case.
Among the initial high incidence flocks the attack-rate has declined in three from 86 to i 8 per cent., while in two, in which several stud rams used extensively were subsequently affected, it has remained about io per cent. In one flock thought to be free an attack rate of 15 per cent. appeared suddenly in females of certain families, but suspected cases in sold sheep had been reported for several years.
The striking feature is the wide fluctuations in the attack-rate in different flocks over a period of years and even from year to year, the disease becoming absent and then reappearing in a capricious manner, the flock meanwhile being exposed to apparently similar environmental factors. Many flocks remain free in spite of using rams from affected flocks. In some an occasional sporadic case occurs, but the disease does not spread; in others with no recorded cases for years the disease may appear suddenly as an epidemic. The data for rams show that they tend to show manifest signs at a rather earlier age than ewes and fewer cases have been observed in old rams. (Parry, 1960) , with that for the second series of 482 cases (sample C) collected between July 1958 and December 1960, and for the total sample of ioo8 cases (sample A). Sample D are the progeny of two affected parents. It will be seen that the age group distributions are remarkably close, indicating a constant rate of onset and a high repeatability of the observations. The age distributions for 2 different flock-groups each with over ioo cases are very similar.
The close fit of the data for females in sample D with the general age distribution suggests that the genotype of the parents is not important in determining the age of manifestation in any ss offspring)
13 of which had both parents affected, i had one parent affected and one a heterozygote and 26 had 2 heterozygous parents. The median age of onset for each group was 3 years, with mean ages of 3•4, 4.0 and 3.5 years respectively. Many sheepmen maintain that females first pregnant at 8 months old instead of the more usual o months develop the disease earlier.
We have been unable to confirm this in two flocks in an age-group at present 3 years old. In one flock, of io affected animals lambed as lambs and did not; in the second, of 12 affected 7 lambed as lambs and did not. The youngest cases in both flocks occurred in animals which did not lamb as lambs; 7 of the 22 cases were manifest before 2 years of age but only 2 had lambed as lambs.
The age of manifestation does not appear to decrease in successive generations, as the incidence of the disease increases, i.e." anticipation"
does not occur. Thus in flock A, the median age of animals affected in the flock year was 4k years when the disease was first noted in 1945, was 3 years in 1950 and 3 years in 1951, since when the median age has remained 3 years except in 1956 when it was 2 years.
Records of other flocks are in general agreement with this conclusion. However, in 6 cases a daughter or son has died of scrapie 12 months or more before their sire or dam was affected and in one instance in flock A, 3 daughters were affected 2 months before the sire was affected. Such examples may be attributed to the normal variation in age of onset and the short inter-generation interval, often of only i year on the male side, rather than to specific "anticipation ".
(v) By sex of individuals
Although the data for rams are less comprehensive than for ewes, there is no clear indication that they are less prone to manifest the disease than the females. Where the male progeny of affected parents have been under observation, they have shown an attack-rate very similar to that of the females. The distribution of the age of manifestation is also very similar (see fig. i ). 4 years old as revealing 90 per cent. of all potential cases, while failing to disclose io per cent., the cases of late manifestation.
The validity of this assumption can be questioned on two grounds. First, if in some flocks or flock-groups the age distribution departed substantially from the normal. From our data this is not so. Secondly, if very few animals older than 4 years had been under observation in the flocks providing the samples quoted in table i etc., the true incidence of late manifestation could be seriously underestimated. In the great majority of these flocks, however, 15 to o per cent, of the breeding ewes are older than 4 years. Further, it is only in a small number of flocks in which losses from scrapie are unusually high that there are fewer than 15 per cent, of old ewes. For males so few are under observation over 4 years of age that it is difficult to assess the importance of late manifestation, although they manifest earlier than females ( fig. 2 ). However, our data are concerned so largely with females that any error due to underestimating late manifestation in males will not seriously distort our age distribution.
We have therefore taken 4 years of age as the 90 per cent. manifestation level for all potential cases of scrapic, and have used this age as an arbitrary end-point at which to assess all sheep under observation.
An animal alive and well at 4 years old and thereafter as long as it may be under observation is tcrmed unaffected. An unaffected animal not undcr observation until 4 ycars of age is called Un-
classified. An affected animal is one showing unequivocal clinical signs at any age.
EVIDENCE FOR THE GENETIC HYPOTHESIS (i) Familial relationships
In low-incidence flocks affected individuals appeared without any apparent relationship to one another and in different family lines, but with adequate records, these apparently isolated cases were found to have some individual in their pedigree either affected or with a close relative affected. Affected individuals tended to be the progeny of a very small group of ewes and rams, and the ewes had a sire or grandsire in common. A ewe producing an affected offspring by one ram, often produced unaffected progeny by other rams at previous and subsequent matings, although the flock incidence remained similar. The unafiècted progeny of such a ewe not infrequently had offspring which manifested the disease. In high-incidence flocks many affected individuals had affected parents or progeny affected.
Iii one flock (flock A), the records have pcrmittcd a morc critical study of the family rclationships of 98 afkcted animals. Thc discase manifesting itself in this flock is quitc typical of scrapic as cncountcrcd in this flock-group. Losses from causes other than scrapk arc low, while the productivity of the flock is high and thc flock has an cxct'llent record at agricultural shows. Thus flock A would appcar to be fully rcprcscntativc of this flock-group.
In flock A, of 826 brccding females introduced into thc flock between 1937 aiicl 1937, 98 had manifested thc discasc by 1959. Fifty rams have been used 49 have bccn purchased from 20 other flocks, of which 14 arc known to have had the cliscase scriously at thc timc the rains wcre born and icared, four are known to havc had very little or no scrapic and thc status of two is unknown; of the 50 larns left progcny in the' flock.
Fifteeii of thc 45 rams wcrc used for threc seasons or longer, and left many offspring retainccl in the flock. Of the fifteen, four manifistcd scrapie, and threc others produced affected progeny when mated with affected ewes, i.e. ewes eithcr affrcted during that gestation, or subsequently manifesting the discasc. Three The remaining 30 of the 45 rams were retained for less than three seasons, in the majority for one season only and wcie then culled as being unsatisfactory sires, leaving few offspring in the flock. Their proneness to scrapie is therefore undetermined. Of these, four produced affected offspring and against 26 there is no information about close relatives.
Of the 98 females manifesting scrapie, the sires of 8g are known ; 23 were the progeny of affected rams, 51 were sired by rams which produced affected progeny out of ewes which became affected, 13 were sired by rams siring more than one affected progeny and two cases were by rams siring a single case. Of the females the dams of 34 per cent, of the cases werc themselves affected, while of the 35 daughters of affected ewes retained in the flock " to 90 pcr cent, risk ", were affected. Seven affected ewes produced two or more affected progeny.
In matings in which the sire later manifested the disease but the ewes did not, 19 female progeny living to 4-ycars have shown no sign of the disease, while of matings in which the sire never manifested the disease but the ewe did, four female -progeny have been normal to the same age or older.
In five pedigrees the disease occurs in three consecutive generations; in seven the disease has missed one generation between two affected individuals. There is a very high attack-rate among the progeny of two affected parents, but the progeny of a mating with one parent affected may be unaffected. Thc pedigrees shown in figs. 4 and 5 illustrate these points.
These data suggest that the manifestation of scrapie may be genetically determined and that, if this hypothesis be correct, then the factor or factors are not sex-linked and do not behave as a simple dominant. The evidence could be consistent with a disease controlled by a simple autosomal mendelian recessive character.
(ii) Breeding results
The records from two flocks, A and B, have been analysed for the period 194o-. In flock A, 917 breeding females and 53 stud rams have been used, and in flock B i io8 breeding females and 73 stud rams. The stud rams have been coded on their own performance (i.e. their manifestation of scrapie or not) and that of their progeny; the records of their parents are rarely complete enough to provide any further assessment of their presumptive genotypes. With the breeding females the performance of their parents and often their grandparents, are known, information which may be supplemented in some cases by the performance of other progeny of the parents and grandparents. Thus for the dams their coding has been based on the parental performances plus their own performance, but the performance of their progeny has been excluded. The details are given in The data on 93 animals assessed to July 1959 have been published (Parry, 1960) ; table 3 (i) presents these data corrected to December 1960, and includes six males over 2 years, of which four are affected.
The expected manifestation factor or expectation expressed as a decimal, has been derived from the curve given in fig. 2 .
The cumulative totals refer to all animals which can be classified at the stated age. The number at risk represents the sum of the animals of each age-group born from i 952 onwards, which have been retained under observation. The wastage from cases other than scrapie has been small; of the 97 animals included at age 2 years, five have been lost from miscellaneous accidental causes-three at 2 years, one at 3 years and one at 6 years, while two have died of a post-partum pining syndrome, which appears to be related to scrapie. Thus the wastage from competing risks is not large enough to distort significantly the closeness of fit.
These animals are from four flocks, three of which represent medium to high incidence environments, and i is a low incidence environment; there are four animals from the latter. Thus it seems SCRAPIE DISEASE OF SHEEP 89 unlikely that these results are influenced greatly by environmental influences, preferential mortality or sex.
The fit between the observed and expected figures is extremely close.
(b) The mating ss xSS (table 3 (ii)). A flock, which had recorded all cases of death and disposal on account of ill-health for over 30 years, had had no recognised case of scrapie. The presumptive gene fig. ) and adjusted for the sex ratio.
Allowing 10 per cent to be unaffected presumptive ss animals.
frequency for scrapie in this flock is low, and one may assume that most of the females are SS. A ram was introduced into this flock in 1955 from a medium-incidence flock, and used extensively for three mating seasons. Six months after the third season the ram manifested classical scrapie. Thirty-six progeny of this ram have been retained in the flock and are under observation. No case of scrapie has appeared yet in any females in this flock, although five are now 5 years old.
(c) The mating Ss >< Ss (table 3 (iii)). On the recessive hypothesis animals with progeny affected or with one parent affected must carry the gene; and if they remain unaffected until 4 years of age they must be heterozygotes, but with io per cent. homozygous recessives of late manifestation.
On this assumption the records of flocks A and B for all females retained in the years 1944-58 have been scrutinised for presumptive SsxSs matings. Table 3 (iii) shows that although the observed manifesation is of the right order, it exceeds that expected by about 50 per cent. This is probably due to the preferential selection of homozygous recessives, which are often superior individuals (see Section 9).
In several instances where twin ewe lambs were born and reared, only one has bcen retained and this one has manifested scrapie.
The sample under observation will thus tend to be weighted in favour of homozygous recessive individuals. This tendency will also be accentuated by the usual policy of culling all sibs and half-sibs of an affected animal, which in this type of mating arc much less likely to be homozygous recessives than their affected relatives.
An estimate of the amount of this bias in the data is not possible, but the bias is in the right direction and probably of the right order. The full answer must await the results of experimental matings which are in hand.
(d) Flucluation in incidence. One of the more baffling aspects of the natural history of scrapie has been the oft-observed sudden waxing and waning of the attack-rate over a relatively short period of years. The extreme polygamy with three males per 100 females might be expected to give such high fluctuation if a recessive factor were involved.
Preliminary studies of the effect of the use of sires of different scrapie genotypes on the expected gene frequency of the breeding females in a flock indicate that the genetic hypothesis will explain these epidemiological fluctuations in terms of population genetics without postulating any infection (Draper and Parry, unpublished).
EVIDENCE AGAINST THE NATURAL INFECTION AND ENVIRONMENTAL HYPOTHESES (i) Contact between affected and unaffected flock-groups
On three farms with high-incidence flocks, other shecp of flockgroups believed to be free of scrapie, have been kept alongside and often intermingled with the affected flocks for at least five years. One contact flock was i io recorded pedigree sheep retaining some of its females fbr breeding, and two were non-recorded commercial flocks of 150 and 500 ewes not breeding their flock replacements. No case of scrapie has been observed in two flocks, but one casc has appeared in the 150-ewe flock in a cross between breeds now known to sufThr from scrapie.
On one farm with a high-incidence flock disposed of on account of scrapie, several hundred breeding sheep from a scrapie-free flockgroup were introduced on to the same fields, some before all the affected flock were removed. No case of scrapie has occurred in the newly introduced sheep in five years.
A flock of 400 ewes acquired by purchase from three source-flocks and using several rams developing scrapie during or shortly after the communal mating, had cases of scrapie confined to the female and their progeny from one source-flock, which, it was learnt subsequently, had been dispersed on account of the high incidence of' scrapie.
Evidence in the literature purporting to support mediate contagion is now inadmissible owing to the inadequate knowledge of the genotypes of the sheep. More adequately controlled evidence is required; studies on the introduction of animals of low gene frequency into high gene frequency flocks have been in hand for two years without any signs of contagion. In an experiment using 70 animals of known genotype, non-ss rams and ss rams affected at the time of mating have been mated with non-ss and ss ewes, many of which were affected at the time of mating. After 3 years no case of scrapie has yet developed in any animal not of presumptive ss genotype.
We have found no evidence from our general field observations that scrapie is spread by coitus except through the genemechanism. For the present purpose the birth order has been taken to be synonymous with the parity of the dam at the time the affected animal was born. This is not strictly correct, since the birth order should take account of all the lambs born in gestations previous to the one in which the individual is born. However, for our present purpose this approximation wilt suffice. even to be higher among the progeny of the older ewes. This higher susceptibility with lower parity is due to the selective mortality of s.c ewes in the age-groups up to 4 years, so that the frequency of the scrapie gene among older ewes will be lower than among the younger ewes.
These results arc consistent with other data which also indicate that birth order does not influence directly the manifestation of scrapie.
(v) Gestational twins
It is generally considered that uniovular twins are rare in sheep; they are certainly very rarely detected at birth. In flock B for the One hundred and six sets of twins have been under observation until 4 years old in six flocks of low to high incidence. One hundred and one sets were both female, four a male and a female and one set were both males. In r sets both werc affected, in 26 one was affected and one unaffected and in 63 both were unaffected. Thcse data suggest that intra-uterine influences were not important and they were therefore examined in the light of the genetic hypothesis. and independent of the high incidence environment, provided that the proportion of dams of each genotype mated to each sire is siniiEar.
In only one flock has it been possible to assemble data relevant to this point. These are given in table 6, from which it will be seen that the total attack-rate among 54 progeny of an affected ram is higher than among the i i progeny of an unaffected ram, and, five of an unclassified ram. When these attack-rates are subdivided according to the presumptive genotypes of the dams, a clearer picture emerges, and the observed and expected values agree well.
These results do not suggest that even in a very high incidence flock is the manifestation influenced in any way by the environment. Special matings with ss and SS animals maintained in a similar high incidence environment have been made, but it is as yet too early to assess the results.
EVIDENCE FOR ARTIFICIAL INFECTION (I) Previous studies
Early attempts to demonstrate an infective agent, using in the main blood and secretions as the inocula, proved unsuccessful, but Cuillé and Chelle in 1936 reported the successful transmission of a scrapielike disease to sheep by using suspensions of affected sheep brain. Many investigators have since confirmed that the tissues of scrapie animals contain a transmissible agent (see Palmer, 1959; Pattison, Gordon and Millsom, 1959; Stamp, Brotherston, Zlotnik, Mackay and Smith, 1959; Pattison and Millsom, 1960; Mackay, Smith and Stamp, 1960) .
The agent has the following properties: (Chandler, 1959) , and whole body irradiation of newborn lambs has not enhanced the susceptibility of the recipient animals to the agent (Mole and Parry, unpublished).
(vii) No spread of the experimental disease in goats to 28 uninoculated goats has been observed after 24 to 36 months (Pattison and Millson, 1960) , while Stamp et al. (i) have failed to set up the disease by feeding scrapie brain to io new-born lambs, which were kept under observation for
To show that the disease arising under controlled breeding conditions was also transmissible by inoculation and was, in fact, the same as the scrapie disease used in these previous inoculation studies, the following experiment was carried out. Portions of the medulla, pons and cerebral hemispheres of a pure-bred ewe, 4 years old, showing the typical signs of scrapie, and from a flock with a moderate to high incidence of the disease, showing the genetic pattern, were ground up separately in two portions, one with normal saline and one with broth, in the approximate proportions of one part brain to ten parts medium. The homogenates were centrifuged at 3500 r.p.m. for TO minutes and within two hours the supernatant was inoculated into the left parieto-occipital region of lambs.
The lambs, born in 1957, were 4 to 24 days old and suckling their dams, which were of two breeds; the sires of the lambs were of two breeds. The sires and dams were normal and thought at the time to be clear of scrapie,, but in the light of recent knowledge, their presumptive genotypes are now less certain. In two of the three breeds of the parents, scrapie is probably extremely rare, but in the third it does occur. Of ten lambs, five were inoculated and five were left uninoculated as controls, each paired as far as possible for weight, sex, age and parentage, and reared together on their dams in the open.
The five inoculated lambs developed clinical signs of a scrapielike illness, in the females at 12, 14 and 22 months and in the males at 13 and 14 months after inoculation. One control animal was killed at I 7 months for comparison with its fraternal twin which had been inoculated; the remainder were alive and well at 30 months.
The morbid anatomical and histological lesions in the inoculated sheep were similar to those seen in natural scrapie, and reported for the artificially induced disease.
Thus the tissues of a sheep suffering from a typical form of hereditary scrapie will, when inoculated into young lambs, cause a scrapie-like syndrome to develop in the recipient animals at an age when the natural disease is not known to occur. An affected ss animal thus contains a transmissible agent which is artificially infectious. and have a marked advantage in malarial regions. Thus in parts of Africa 40 per cent, of the breeding population are carriers, the gene frequency is as high as 0.25 and the homozygotc frequency 0o65 (Allison, 1954-55) .
With scrapie we have no means of easily detecting the heterozygotes but the attack-rate is not uncommonly as high as 10-15 per cent, of a birth-group. In one flock in which almost all the females born have been kept under observation to years old, the attackrates in 6 successive birth-groups have been 70, 50, 58, 32, 69 and 74 per cent. To give such a proportion of recessive homozygotes, a gene frequency as high as o8 and more is required. Thus the frequency of the scrapic gene must be O'3 to 04 in many flocks and reach o'8 occasionally.
Gene frequencies of this order are not usually encountered with lethal genes and require special circumstances for their occurrence. As rams usually begin breeding at 8 months of age, scrapie rams have at least two and often three or four breeding seasons before they manifest, and the ss genotype, both male and female, which are highly fertile and prolific, retain their full reproductive powers until clinical illness is far advanced. There is thus every opportunity for the dissemination of a gene of the scrapie type, if its effcct is favourable in adolescence and early adult life.
(c) If such a lethal gene does not manifest until relatively late in life, disadvantage will not operate until after reproduction is assured and the gene will not be discriminated against unless special breeding programmes are undertaken. With scrapie the manifestation provides a pattern so complex that the genetic basis of the disease has not hitherto been accepted, and the efforts of individual flockmasters to limit the spread of the disease by selection has not produced any marked disadvantage against the dissemination of the gene.
(d) Under these circumstances any advantage, however small, possessed by the heterozygote and recessive homozygote which leads to their selection for breeding and especially as stud rams, will be sufficient to ensure the widespread dissemination of the gene.
(ii) Selective advantages of the Scrapie gene
The scrapic gene is, in fact, linked with certain phenotype characteristics which are highly preferred by the leading flocks of several breeds.
The stud rams of the leading flocks of several affected breeds tend to be selected from a small group of animals which have been prizewinners at the leading agricultural shows. These animals are selected for rapid growth in infancy and early adolescence with exceptional development of the ske]etal musculature of the trunk arid limbs, which is particularly firm on palpation of the lumbar and sacral back, the wool is fine, and the animals' general conformation adheres very closely to certain special standards for their breeds.
The successful stud rams retain these characteristics for several years and produce offspring of similar preferred phenotype.
I find that many of these show winners (a) later manifest the disease, (b) have close relatives affected by the disease or (c) have affected progeny, i.e. they are ss and sS individuals.
Thus the breed champion ram lamb of 1958 has just developed the disease. In five flocks six outstanding stud rams developed the disease, while io others in six of the leading flocks have affected progeny. In flock A of the six affected rams, all were used until the disease manifested and four were used extensively for three to four seasons; of five other preferred rams used for 4-7 seasons, all sired affected progeny. In a moderate flock which had been free of scrapie, through the introduction of a superior outside ram, a show winner was produced, who together with a prizewinning son has died of scrapie.
The preferred female phenotypes show a similar association. In The scrapie gene is thus associated with animals of superior commercial value, and with the phenotypes preferred by current " Show" and selection standards.
The superior characteristics of the heterozygote and pure reccssivc scrapie genotypes ensure the dissemination of the gene and provide an example of polymorphism (Ford, 1957) of unusual type. Where selection of breeding animals has bcen based on phenotypic conformation alone, the use of scrapie phenotypes as a standard for selection will produce a state of transient polymorphism which can lead to very high gene frequencics. When this occurs the annual ewe mortality rate becomes so high (>io per cent.), that the flock is disbanded. This has probably happcncd frequently in the past and indeed the decline in sheep numbers, cspecially of one breed, in one English county since 1940 has been determincd to a consideraWe extent by this situation.
In flocks in which sclcction is based on performance records as well as phenotypic conformation, a state of uneasily balanced poiymorphism ariscs due to thc operation of selection against the progcny of known affcctcd individuals. Thc balancc is unstable and can be seriously disturbed if for example, a successful stud sire of ss genotype is lost from competing risks before manifcstation. Thc result of this artificial situation is to producc a very unstable form of balanccd polymorphism.
(iv) Pleiotropic effects of the scrapie gene Thc clinical expression of lethal genes affecting thc ncuromuscular system in adult life is usually varied. This is almost certainly truc of scrapie, for the clinical discasc in rams is often different from thc classical forms so commonly seen in ewes. There are also the nonrubbing syndromes of myasthenia, palsy and wasting, seen so frequently in scrapie-affected flocks, which may well prove to be rehited closely to the scrapie genotypes. There are a group of heredo-familial " system " diseases in man which in broad outlinc exhibit many similarities to scrapie, although their modes of inheritance appear to be more involved and are often dominant. Thcsc are the progressive fatal hereditary myopathies and ataxias.
The myopathy dcscribed by Barnes (i) in 7 generations of an English family mimics the special development of the skelctal musculature seen in scrapie. The myopathic members were noted for exceptional muscular development and strength in adolescence and early adult lifc, but they later developcd various syndromes of hypertrophy and atrophy of the muscles with adiposity, usually Examples of human disease due to recessive genes manifesting in adult and middle age are infrequent. One of the few is another form of muscular dystrophy, in which the limb girdles are affected but not the face (Stevenson, Cheeseman and Huth, . The recognition of this form of inheritance presents particular difficulties, and sufficient data are only likely to arise in self-contained populations with considerable consanguinity. This is illustrated by the muscular dystrophy investigated by Minokowski and Sidler (1928) which appeared suddenly in an isolated Swiss community. Thirteen cases occurred in one generation among 10 families each of whose parents were descended from two separate sixteenth-century families. The disease was considered to be due to two recessive genes, which probably arose as mutations in the sixteenth century.
The high incidence of amyotropic lateral sclerosis in the Mariana Islands, especially Guam, led to the recognition that heredity might be an important cause (Kurland and Mulder, 1954) . Subsequent study of the families of cases on the North American Continent revealed that it may be inherited through a single dominant gene (Kurland and Mulder, 1955) .
The group of syndromes of progressive ataxia described by Schut and his collaborators (Schut, 1950 (Schut, , 1951 Schut and Haymaker, ,95i; Schut and Böök, 1953; Matson, Schut and Swanson, I96) in 45 members of six generations of a family of Dutch ancestry with 343 individuals, illustrates the extreme pleiotropism of clinico-pathological expression which may occur in a single genetic entity. They have observed, within this one family, syndromes which conform to the criteria of Friedreich's ataxia, spinocerebellar tract degeneration, olivopontocerebellar atrophy, primary cortical cerebellar atrophy, degeneration of the dentate nucleus and brachium conjunction and hereditary spastic paraplegia. All conform to a dominant form of inheritance with complete penetrance, although there may be partial sex-linkage. The usual age of onset is 17 to 35 years with a mean of 265 years. Kuru (Trembling) is a fatal neurological disease of certain isolated tribes in Central New Guinea (Zigas and Gajdusek, 1957; Bennett, Rhodes and Robson, 1959; Fowler and Robertson, 1959; Gajdusek and Zigas, 1961) in which certain pathological features, notably the gliosis and vacuolation of neurones (Klatzo, Gajdusek and Zigas, 1959) , are also seen in scrapie. Patients with Kuru exhibit disturbances of locomotion of slow onset which eventually immobilise them; these are aggravated by effort or emotion as in scrapie and there are accompanying psychic changes in both diseases. Kuru is probably due to a dominant gene causing death in childhood in both sexes SCRAPIE DISEASE OF SI-JEEP when homozygous, but in the heterozygote form only lethal in females when adult and after reproductive age.
Whether a transmissible agent is associated with any of thcse human diseases is unknown.
DISCUSSION
Scrapic is both an infective and genetic diseasc. Clinical manifestation is determined wholly by heredity mediated through the mechanism of particulate inheritance and meiosis. But the clinically affected genotype contains a potentially infective, self-rcplicating pathogenic particle, which does not spread naturally. Such a combination of heredity and a transmissible agent is unusual, and ccrtain possibilities arise.
The infective agent might be a natural infection of many, if not all, sheep and goats but only produce pathological damage sufficient to cause clinical signs in ss sheep, just as certain encephalogenie viruses of man highly pathogenic for most mice are harmless clinically for certain genetic strains. However, in such clinically healthy mice the virus infection can be demonstrated. In sheep TSA has only been demonstrated so far in animals with clinical signs, or in experimentally inoculated animals killed shortly before the usual time of onset of clinical signs. There is therefore as yet no evidence that natural scrapie is due to a very high susceptibility of one genotype to a naturally infectious agent; and to sustain such a postulate we should have to assume that the agent has been widespread in the sheep population of Western Europe for at least 200 years.
Certain transmissible agents require for their spread a speciaL combination of a host of susceptible genotype and unusual environmental factors. Thus the agent of certain mammary carcinomata of mice is transmitted through the milk but is only pathogenic to certain genotypes (Bittner, 1958) , while certain mouse leukamias are due to a virus pathogenic for certain genotypes only. Sometimes non-susceptible genotypes can be rendered susceptible by irradiation (Gross, igg, ig6i) . TSA might be an agent of these kinds, but there is no evidence that it is transmitted through the milk or in the womb, and our irradiated lambs (Mole and Parry, unpublished) have survived inoculation with TSA better than their unirradiated littermates. Adequate data on inoculation of sheep of known genotype are lacking.
Many infective particles of this kind are not naturally infectious but can be transmitted artificially by inoculation. The agent which causes tumour formation in many plants infected by Phylomonas tumefaciens, or that of CO2 susceptibility in Drosophila (Darlington, 1949) Sometimes these artificially infective agents only develop in certain genotypes. In the currant moth, Abraxas grossulariata, there is a spontaneously occurring polyhedral virus, which is invariably lethal before reproductive age, but this virus only arises in one specific genotype, the variety lacticolor, although it can be made to infect other genotypes artificially (Smith, 1952 ). Scrapie presents a very similar situation. Furthermore the variety lacticolor represents a balanced polymorphism of Abraxas just as scrapie represents a balanced polymorphism of sheep.
Thus scrapie combines the gene-determination of the Abraxas virus with the non-natural infectivity of a group of transmissible agents of various origins. To this group Darlington (Darlington and Mather, 1949; Darlington, 1958 Darlington, , 1960 () The inoculation of tissue homogenates containing TSA into some but not all sheep (their genotypes are not known precisely) is followed by the multiplication of TSA, and its appearance in the cerebro-spinal fluid.
(.) Thus a diffusible particle connected with the ss genotypes reacts with a substrate present in many sheep (and all goats) to give rise to TSA.
() TSA does not pass naturally from one sheep to another. In all sheep in which it is formed naturally it arrives always and entirely by heredity, never in any part or respect by infection.
(6) TSA is, therefore not a natural virus; it is a provirus which could be a forerunner of a natural virus. Scrapie with its dual tiological mechanism of gene and provirus, is an example of a special category of genetic disorder mediated through a specific chemical particle and whose final expression is not due to a simple negative defect in an enzyme system. The slow accumulation of this particle is closely associated with the degeneration within the central nervous system and elsewhere, upon which the development of clinical illness primarily depends.
11. SUMMARY x. Scrapie is a wasting disease of sheep, with rubbing and ataxia fatal in six weeks to one year; it has been known since i 720. 3. The disease may appear at any time after i years of age up to ii years, with a mean of 3 years. It occurs with variable incidence in many improved breeds of sheep. Males and females are affected equally. Seventy per cent, of a female birth-group may be affected but the attack-rate is more usually 5 to io per cent. ( figs. i and 2) .
4. Ninety per cent, of all animals that will be affected manifest the disease by 4 years old. This age has therefore been taken as a level for assessing the performance of all animals (table i).
5. The disease is due to a single autosomal recessive gene ss (tables 2 and 3).
6. The genetic disease is artificially infectious by inoculation, but never naturally (tables 4, 5, 6 and fig. 6 ).
7. The scrapie gene is closely linked to certain preferred breed characteristics selected in show animals, so that ss and Ss sheep are at a selective advantage. 8. Scrapie is thus an example of balanced polymorphism, unconsciously favoured by current methods of selection, which allow the frequency of the gene to reach very high levels. 9. Scrapie arises by a dual mechanism of gene and provirus.
The scrapie provirus is gene-determined but it lacks certain properties of a natural virus.
10. Scrapie falls into a special category of genetic disorder, in which the physiological action of the gene is mediated by a specific particle, with independent powers of self-replication and pathogenicity.
